US007539286B1
a2 United States Patent (10) Patent No.: US 7,539,286 B1
Bandy et al. 45) Date of Patent: May 26, 2009

(54) FILAMENT ASSEMBLY HAVING REDUCED (56) References Cited

ELECTRON BEAM TIME CONSTANT US PATENT DOCUMENTS

(75) TInventors: Steve Bandy, Sunnyvale, CA (US); 3,737,706 A : 6/1973 Lin.dburg etal. ............ 313/522
Gal‘y F ViI'Shllpj Cuper’[in()j CA (‘[JS)j 4,065,689 A ) 12/1977 Pletl covvvevvenniiinin... 378/134
Michael Curzon Green. Palo Alto. CA 4,823,371 A 4/1989 Grady ...cccoviviiiiinininnnn. 378/138
’ " 6,333,969 B1* 12/2001 Kujrar ......c.coeeeevnnnnn. 378/138

(US); James Russell Boye, Salt Lake
City, UT (US); Dennis Runnoe, Salt

_ * cited by examiner
Lake City, UT (US); Robert Clark

Treseder, Lynchburg, VA (US); David Primary Examiner—Courtney Thomas
Humber, Los Gatos, CA (US) (74) Attorney, Agent, or Firm—Workman Nydegger
(57) ABSTRACT

(73) Assignee: Varian Medical Systems, Inc., Palo

Alto, CA (US
(U5) A filament assembly for use 1n an x-ray emitting device or

other filament-containing device 1s disclosed. In one embodi-
ment, an x-ray tube 1s disclosed, including a vacuum enclo-
sure that houses both an anode having a target surface, and a
cathode positioned with respect to the anode. The cathode
includes a filament assembly for emitting a beam of electrons
during tube operation. The filament assembly comprises a
heat sink and a plurality of filament segments. The filament
segments are configured for simultaneous emission ol an
clectron beam for impingement on the target surface of the
anode, and are electrically connected 1n series. Each filament

( *) Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 154(b) by O days.

(21) Appl. No.: 11/942,656
(22) Filed: Nov. 19, 2007

(51) Int.Cl.

HO1J 35/06 (2006.01) segment imcludes first and second end portions that are ther-
(52) U-S- Cl- ....................................... 378/136,J 378/1 21 mally Connected to the heat Sink,, and q Central portion that can
(58) Field of Classification Search ................. 378/119, be configured with a modified work function for preferential

378/121, 134, 136; 313/306, 341, 343, 344, electron emission.
313/450, 454, 620, 621

See application file for complete search history. 59 Claims, 23 Drawing Sheets

60
/70 /2

) il
el ]
o | L

WI

68




US 7,539,286 B1

Sheet 1 of 23

May 26, 2009

U.S. Patent

10\

-
L

LA A A AT A I A AL AR AN A A

N
N

106

108120

N

"

—
.

PPN IV IO IV PP eYY

7

L T T 1 " " T T Y O "

N

—
_l'_l
b ™

lf.
e
L ™
o
b
J

~
.
|
=
o
——
ani®
e
|..II._
F

T R T N N R R R R N A I

20

I’
W,

\\

vm

“
/

7

rk
%/_V\

I /4
I

-
B
o

\
“
“

130~ 132

l...._l,.l\.‘

= \-
L

|
w "i"r"i""’.'w ‘\.‘h I VYNNI NSSESNSNFNSNNNENA

100

‘.‘H..‘._I N FY NSNS SNSFSISESSENNNI

N

AV AV AN

7ﬂ

N W W WL N W W VLW W S
-
‘l‘\ﬁlﬁ!“!‘h\h‘hﬂh

gy NSNS NS SNSNSNNS
=
W VW W W

AV VLA LA

AV AV A AL AN

FIG. 1



U.S. Patent

\

64A
645
64C

64D

70

50
\ 70

o)

May 26, 2009

Y
i
Iy
WI

68

FIG. 2A

I/I/I/I/
iy
i
aa

63

FIG. 2B

Sheet 2 of 23

/2

2bA

568

[2

64A

045

64C

64D

US 7,539,286 B1



U.S. Patent May 26, 2009 Sheet 3 of 23 US 7,539,286 B1

N\

e
\ 4C~ <~
soo L]/

(J)™—76
FIG. 3A
60 To Terminal
/6
/8B T A_Y A T
6o To Termlna\

76

FIG. 3B



U.S. Patent May 26, 2009 Sheet 4 of 23 US 7,539,286 B1

84
AN

29

20
Beam Time
Constant (ms) 19

° Finite Element Model
0 Measured Data
10 vk

o
0

0 200 400 600 800 1000
Filament Span Length (mils)

FIG. 4

88\ 908 -
o
o
|
..fc"r‘;"ﬁge 1.5 : <~ No Thorium
L | e Thora
1.0 | _
N

0
(0 20 40 60 30 100

Time Constant Improvement (%)

FIG. &



U.S. Patent May 26, 2009 Sheet 5 of 23 US 7,539,286 B1

92 Beam

60 {2
A\ ———
65 648 64C
4A —~ C)9

5 ag

FIG. 6

Beam

3 Cons

FIG. 7



US 7,539,286 B1

Sheet 6 of 23

May 26, 2009

U.S. Patent

FIG. 8A

164A

168
04
04 M
T 03

166
N
O
03

1641
176




U.S. Patent May 26, 2009 Sheet 7 of 23 US 7,539,286 B1

276

209 64N

2041+ 1




US 7,539,286 B1

Sheet 8 0of 23

May 26, 2009

U.S. Patent

FIG. 10



US 7,539,286 B1

Sheet 9 of 23

May 26, 2009

U.S. Patent

464N

l«_&Nkl.f
'4 :“l ..lI .
“ﬂ“\l“wlf

==

473

476

4708

470D

476




U.S. Patent May 26, 2009 Sheet 10 of 23 US 7,539,286 B1

4708

464N

465

473

FIG. 11B

C‘::: 1::|-|:
M~ (O
=t <}

460

470D

470C



U.S. Patent May 26, 2009 Sheet 11 of 23 US 7,539,286 B1

460

470C 465 /
464A 470A

l |) ' |) l |) l ") | |} ' '} | |) '
' 'I-' 'i_l ll-' ll_l Il-l ll_l '

464N

4/0B

FIG. 11C

476

476 4700

4708

473 FIG. 11D



US 7,539,286 B1

Sheet 12 of 23

May 26, 2009

U.S. Patent

464N

476

476

FIG. 12A



U.S. Patent May 26, 2009 Sheet 13 of 23 US 7,539,286 B1

470C

FIG. 12B




U.S. Patent May 26, 2009

Sheet 14 of 23 US 7,539,286 B1

564N 566
A {a/ a{ﬂ Y 568
™
565 it 560
HI‘I ‘I-FI ‘L" ‘I‘I IIIIII II /
URCR g YLl
569 { i I
576
576
FIG. 13A
568 566 ,/ -
rpaaaanononononne T
5604
J
576
JVHM\. 576
GO g U 564N 564/ .
o09 1/ F B
ITdudgugutadduoduuundl
1 O O O O
576 569
FIG. 13C
576
FIG. 13B FIG. 13D



US 7,539,286 B1

Sheet 15 of 23

May 26, 2009

U.S. Patent

064N

676

FIG. 14A

676

676

604A

664N

676

FIG. 14C

6/6

FIG. 14D

FIG. 14B



U.S. Patent May 26, 2009 Sheet 16 of 23 US 7,539,286 B1

676
676
FIG. 15A
664’4/ 5608
5704
573
676
676

FIG. 15B



U.S. Patent May 26, 2009 Sheet 17 of 23 US 7,539,286 B1

673

6708

476

FIG. 16A

464N 404A

6/70A

6708

476 476

FIG. 16B



U.S. Patent May 26, 2009 Sheet 18 of 23 US 7,539,286 B1

464N

6/0A

464A

6/0A

+70 476

FIG. 16D




U.S. Patent May 26, 2009 Sheet 19 of 23 US 7,539,286 B1

464N

469

476

FIG. 16E



US 7,539,286 B1

Sheet 20 of 23

May 26, 2009

U.S. Patent

S
M~
M~

/13

476

464A

/70A

464N

/708

476

476




U.S. Patent May 26, 2009 Sheet 21 of 23 US 7,539,286 B1

464N

//0A

/ /70

476
476

FIG. 17D



U.S. Patent May 26, 2009 Sheet 22 of 23 US 7,539,286 B1

604N

869
8/0
370
” FIG. 18A
[ 366 868
//////H\\\\\\\ 77—\

COCC NN Vs |
HH| UL

At N St Nl At N A ot N vt N et

876
3706

876 676

564A

FIG. 18B FIG. 18C FIG. 18D



U.S. Patent May 26, 2009 Sheet 23 of 23 US 7,539,286 B1

FIG. 18E

064N

A |’|§.‘§\\ “

l/l/lz ;l.,
||'I!|l

873

8/6

FIG. 18F



US 7,539,286 Bl

1

FILAMENT ASSEMBLY HAVING REDUCED
ELECTRON BEAM TIME CONSTANT

BACKGROUND

1. Technology Field

The present invention generally relates to x-ray tube
devices and other filament-containing devices.

2. The Related Technology

X-ray generating devices are extremely valuable tools that
are used 1n a wide variety of applications, both industrial and
medical. Such equipment 1s commonly employed 1n areas
such as medical diagnostic examination, therapeutic radiol-
ogy, semiconductor fabrication, and materials analysis.

Regardless of the applications in which they are employed,
most X-ray generating devices operate 1n a similar fashion.
X-rays are produced 1n such devices when electrons are emit-
ted, accelerated, and then impinged upon a matenal of a
particular composition. This process typically takes place
within an x-ray tube located in the x-ray generating device.
The x-ray tube generally comprises a vacuum enclosure that
contains a cathode and an anode. The cathode typically
includes a filament structure for emitting electrons that are
then recerved by the anode.

The vacuum enclosure may be composed of metal such as
copper, glass, ceramic, or a combination thereof, and 1s typi-
cally disposed within an outer housing. At least a portion of
the outer housing might be covered with a shielding layer
(composed of, for example, lead or similar x-ray attenuating
material ) for preventing the escape of x-rays produced within
the vacuum enclosure. In addition a cooling medium, such as
a dielectric o1l or similar coolant, can be disposed in the
volume existing between the outer housing and the vacuum
enclosure 1n order to dissipate heat from the surface of the
vacuum enclosure. Depending on the configuration, heat can
be removed from the coolant by circulating 1t to an external
heat exchanger via a pump and fluid conduaits.

In operation, an electric current i1s supplied to the cathode
filament, causing it to emit a stream of electrons by virtue of
a process known as thermionic emission. An electric potential
1s established between the cathode and anode, which causes
the electron stream to gain kinetic energy and accelerate
toward a target surface disposed on the anode. Upon impinge-
ment at the target surface, some of the resulting kinetic energy
in converted to electromagnetic radiation of very high fre-
quency, 1.¢., X-rays.

The specific frequency of the x-rays produced depends at
least partially on the type of material used to form the anode
target surface. Target surface materials having high atomic
numbers (“Z numbers™), such as tungsten or tungsten rhe-
nium, might be employed, although depending on the appli-
cation, other materials could also be used. The resulting
x-rays can be collimated so that they exit the x-ray device
through predetermined regions of the vacuum enclosure and
outer housing for entry into the Xx-ray subject, such as a
medical patient.

One challenge encountered with the operation of x-ray
tubes relates to the speed with which the stream of electrons
produced by the filament of the cathode can be turned on and
off, commonly referred to as “switching time.” Though
advantageous for accurately controlling the electron stream
and hence the production of x-rays, 1t has been traditionally
difficult to achieve relatively fast filament switching times
due to a number of factors, most prevalently, the thermal
response—also referred to herein as the “thermal time con-
stant”—of1 the filament. Briefly, the thermal time constant is a
measure of the time required for the filament to cool to a
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predetermined temperature. The thermal time constant 1s
directly related to the “time constant,” or measure of time
required for the filament to reduce electron emission to a
predetermined level. As can be determined from the above,
the time constant and switching time of the filament are
closely related. Thus, a relatively short time constant corre-
sponds to a desirable fast switching time.

The current design of known filaments does not easily
provide for the reduction of switching times. One approach
involves the inclusion of a third filament electrode, com-
monly called a grid, for use 1n modulating the electron beam
emission. While acceptably lowering filament switching
times, grids nevertheless carry with them some undesirable
consequences. Apart from the extra grid lead and power sup-
ply needed to power 1t, one chief consequence of grid use 1s
the increased risk of electrical arcing from tube structures to
the grid 1itself. This can be particularly acute 1n tubes utilizing
high voltages, and can result 1n damage to the tube.

Other attempts to acceptably switch and modulate the
emitted electron beam, also referred to herein as “beam cur-
rent,” include the heating of a low thermal mass emitter by an
clectron beam, or modulation of the electron beam by modu-
lating the electric potential imparted to the anode. However,
these options also suifer from a relative increase of the risk for
arcing within the tube.

BRIEF SUMMARY

Disclosed embodiments of the present invention have been
developed 1n response to the above and other needs 1n the art.
Briefly summarized, embodiments of the present invention
are directed to filament assemblies for use 1n an x-ray emitting
device or other filament-containing device. The disclosed
assemblies provide for a relatively reduced thermal time con-
stant during filament operation, which results 1n a net reduc-
tion 1n filament switching time.

In one embodiment, an x-ray tube is disclosed, including a
vacuum enclosure that houses both an anode having a target
surface, and a cathode positioned with respect to the anode.
The cathode includes a filament assembly for emitting a beam
of electrons during tube operation. The filament assembly
includes a heat sink and a plurality of filament segments. The
filament segments are configured for simultaneous emission
of an electron beam for impingement on the target surface of
the anode, and are electrically connected in series. In dis-
closed embodiments, each filament segment includes first and
second end portions that are 1n thermal communication with
the heat sink, and a central portion having a modified work
function for preferential electron emission.

In another disclosed embodiment, a filament assembly
includes first and second heat sinks and a plurality of filament
segments. The filament segments are each thermally con-
nected 1n parallel to both heat sinks, and the filament seg-
ments are configured to simultaneously emit an electron
beam for impingement on the anode target surface. In accor-
dance with this embodiment, the filament segments feature
parallel thermal dissipation paths, which assist in reducing
the thermal time constant.

In yet another embodiment, a filament assembly 1s dis-
closed, having a heat sink that defines a plurality of slots, and
a plurality of filament segments that are partially disposed
within corresponding slots. The filament segments are con-
figured for simultaneous emission of a beam of electrons.
Each filament segment includes first and second end portions
that are 1n thermal communication with the heat sink, and a
central portion that i1s interposed between the first and second
end portions. In one disclosed embodiment, the filament seg-
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ments can be defined from a single continuous strand of
conductive wire that 1s shaped 1n a step ladder configuration.
Alternatively, each filament segment can be defined from a
discrete conductive member such that the filament segments
are arranged to be electrically in parallel with one another.
Optionally, thermal communication between a filament seg-
ment and the heat sink can be enhanced by way of, for
example, a braze material.

Measures are also disclosed for controlling the effects of
utilizing plural filament segments in the present filament
assembly. Particularly, to counteract increased power dissi-
pation and reduced electrical impedance as a result of its
design, embodiments of the filament assembly might include
filament segment wires having a reduced cross sectional
diameter. The reduced wire diameter controls power dissipa-
tion 1n the filament assembly. In addition, the filament seg-
ment wires, composed 1n one embodiment of thorated tung-
sten, can be carburized so as to further control power
dissipation 1in the filament assembly. These measures also
desirably improve the electrical impedance of the system,
making the filament assembly feasible for general use.

These and other features of the present invention will
become more fully apparent from the following description
and appended claims, or may be learned by the practice of the
invention as set forth hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

To further clarily the above and other advantages and fea-
tures of the present invention, a more particular description of
the mvention will be rendered by reference to specific
embodiments thereof that are illustrated in the appended
drawings. It 1s appreciated that these drawings depict only
typical embodiments of the invention and are therefore not to
be considered limiting of 1ts scope. The invention will be
described and explained with additional specificity and detail
through the use of the accompanying drawings i which:

FIG. 1 1s a cross sectional side view of an x-ray tube that
serves as one possible environment for inclusion of the
present invention, according to one embodiment;

FIG. 2A 1s a top view of a filament assembly, according to
one embodiment;

FIG. 2B 1s a top view of a filament assembly, according to
another embodiment;

FIG. 2C 15 a perspective view of a portion of the filament
assembly included 1n a portion of a cathode assembly, accord-
ing to one embodiment;

FIG. 3A 1s a simplified diagram of a filament assembly,
according to one embodiment;

FIG. 3B 1s a top view of a filament assembly configured
according to the design shown 1n FIG. 3A;

FI1G. 4 1s a graph demonstrating switching time improve-
ment both modeled and realized for a filament configured in
accordance with an embodiment of the present invention;

FIG. 5 1s a graph demonstrating relative power increase
versus time constant improvement for a filaments configured
according to an embodiment of the present invention;

FI1G. 6 1s a simplified perspective view of a filament assem-
bly showing one possible orientation of filament segments,
according to one embodiment;

FIG. 7 1s a side view of a filament segment showing one
possible shaping of the filament segment, according to one
embodiment of the present invention;

FIGS. 8A and 8B are perspective and side views, respec-
tively, of a cathode head including a filament assembly
according to another embodiment;
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FIGS. 9A and 9B are perspective and close-up views,
respectively, of a filament assembly configured according to
yet another embodiment;

FIG. 10 1s a perspective view ol a filament assembly
according to another embodiment;

FIG. 11A 1s a perspective view of a filament assembly
configured according to yet another embodiment of the
present invention;

FIG. 11B 1s an exploded view of the filament assembly of
FIG. 11A;

FIG. 11C 1s a top view of the filament assembly of FIG.
11A;

FIG. 11D 1s a bottom perspective view of the filament
assembly of FIG. 11A;

FIG. 12A 1s a perspective view ol a filament assembly
configured according to another example embodiment;

FIG. 12B 1s an exploded perspective view of a filament
assembly configured according to yet another example
embodiment;

FIGS. 13A-13D are perspective, side, top and end views
respectively of a filament assembly according to another
embodiment;

FIGS. 14A-14D are perspective, side, top and end views
respectively of a filament assembly according to another
embodiment;

FIGS. 15A and 15B are additional perspective views of the
filament assembly of FIG. 14;

FIGS. 16 A-16E are perspective, side, top and end views of
a filament assembly with an alternative heat sink structure;

FIGS. 17A-17D are perspective, side, top and end views of
a filament assembly with an alternative heat sink structure;
and

FIGS. 18A-18F are perspective, side, top and end views

respectively of a filament assembly according to yet another
embodiment.

DETAILED DESCRIPTION OF SELECTED
EMBODIMENTS

Retference will now be made to figures wherein like struc-
tures will be provided with like reference designations. It 1s
understood that the drawings are diagrammatic and sche-
matic representations of exemplary embodiments of the
invention, and are not limiting of the present invention nor are
they necessarily drawn to scale.

FIGS. 1-18 depict various features of embodiments of the
present invention, which 1s generally directed to a filament
assembly for use 1n an x-ray emitting device or other filament-
containing device. Embodiments of the disclosed filament
assembly provide for a relatively reduced thermal time con-
stant, which 1n turn reduces the filament time constant.
Advantageously, this results 1n a net reduction 1n the switch-
ing time required to vary the current of a beam of electrons
emitted by the assembly during device operation. As used
herein, “filament” 1s understood to include a conductive emait-
ter that 1s capable of emitting electrons during use.

Reterence 1s first made to FIG. 1, which depicts one pos-
sible environment wherein embodiments of the present
invention can be practiced. Particularly, FIG. 1 shows an
x-ray tube, designated generally at 10, which serves as one
example of an x-ray generating device. The x-ray tube 10
generally includes an evacuated enclosure 20 that houses a
cathode assembly 50 and an anode assembly 100. The evacu-
ated enclosure 20 defines and provides the necessary enve-
lope for housing the cathode and anode assemblies 50, 100
and other critical components of the tube 10 while providing
the shielding and cooling necessary for proper x-ray tube
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operation. The evacuated enclosure 20 further includes
shuelding 22 that 1s positioned so as to prevent umintended
x-ray emission from the tube 10 during operation. Note that,
in other embodiments, the x-ray shielding 1s not included with
the evacuated enclosure, but rather might be joined to a sepa-
rate outer housing that envelops the evacuated enclosure. In
yet other embodiments, the x-ray shielding may be included
neither with the evacuated enclosure nor the outer housing,
but 1n another predetermined location.

In greater detail, the cathode assembly 50 1s responsible for
supplying a stream of electrons for producing x-rays, as pre-
viously described. While other configurations could be used,
in the illustrated example the cathode assembly 50 includes a
support structure 54 that supports a cathode head 56. In the
example of FIG. 1, a cathode aperture shield 58 defines an
aperture S8A that 1s positioned between an electron-produc-
ing filament assembly, generally designated at 60 and
described 1n further detail below, and the anode 106 to allow
clectrons 62 emitted from the filament assembly to pass. The
aperture shield 58 in one embodiment can be cooled by a
cooling fluid as part of a tube cooling system (not shown) 1n
order to remove heat that 1s created in the aperture shield as a
result of errant electrons impacting the aperture shield sur-
face. FIG. 1 1s representative of one example of an environ-
ment 1n which the disclosed filament assembly might be
utilized. However, 1t will be appreciated that there are many
other x-ray tube configurations and environments for which
embodiments of the filament assembly would find use and
application.

As mentioned, the cathode head 56 includes the filament
assembly 60 as an electron source for the production of the
clectrons 62 during tube operation. As such, the filament
assembly 60 1s appropriately connected to an electrical power
source (not shown) to enable the production by the assembly
of the high-energy electrons 62.

The 1llustrated anode assembly 100 includes an anode 106,
and an anode support assembly 108. The anode 106 com-
prises a substrate 110 preferably composed of graphite, and a
target surface 112 disposed thereon. The target surface 112, in
one example embodiment, comprises tungsten or tungsten
rhenium, although 1t will be appreciated that depending on the
application, other “high” Z materials/alloys might be used. A
predetermined portion of the target surface 112 1s positioned
such that the stream of electrons 62 emitted by the filament
assembly 60 and passed through the shield aperture 58A
impinge on the target surface so as to produce the x-rays 130
for emission from the evacuated enclosure 20 via an x-ray
transmissive window 132.

The production of x-rays described herein can be relatively
ineflicient. The kinetic energy resulting from the impinge-
ment of electrons on the target surface also yields large quan-
tities of heat, which can damage the x-ray tube 11 not dealt
with properly. Excess heat can be removed by way of a
number of approaches and techniques. For example, in the
disclosed embodiment a coolant 1s circulated through desig-
nated areas of the anode assembly 100 and/or other regions of
the tube. Again, the structure and configuration of the anode
assembly can vary from what 1s described herein while still
residing within the claims of the present invention.

In the 1llustrated example, the anode 106 1s supported by
the anode support assembly 108, which generally comprises
a bearing assembly 118, a support shaft 120, and arotor sleeve
122. The support shaft 120 1s fixedly attached to a portion of
the evacuated enclosure 20 such that the anode 106 1s rotat-
ably disposed about the support shaft via the bearing assem-
bly 118, thereby enabling the anode to rotate with respect to
the support shaft. A stator 124 1s circumierentially disposed
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about the rotor sleeve 122 disposed therein. As 1s well known,
the stator utilizes rotational electromagnetic fields to cause
the rotor sleeve 122 to rotate. The rotor sleeve 122 1s attached
to the anode 106, thereby providing the needed rotation of the
anode during tube operation. Again, 1t should be appreciated
that embodiments of the present invention can be practiced
with anode assemblies having configurations that differ from
that described herein. Moreover, 1n still other tube implemen-
tations and applications, the anode may be stationary.

Attention 1s now directed to FIG. 2A, wherein further
details concerning embodiments of the filament assembly 60
are given. As shown, 1n this example the filament assembly 60
includes a plurality of filament segments configured for the
emission of electrons (denoted at 62 in FIG. 1) during tube
operation. In this embodiment, the filament assembly 60
includes a plurality of segments: 64A, 648, 64C, and 64C,
though 1t 1s appreciated that in other embodiments, more or
fewer filament segments can be included in the assembly. As
mentioned and as will be seen 1n FIG. 2C, the illustrated
filament assembly 60 1s included 1n a cavity 56 A formed 1n a
surface 56B of the cathode head 56, wherein the surface 56B
generally faces toward the target surface 112 of the anode

106.

Each filament segment 64 A-D includes a conductive wire
arranged 1n a coiled configuration so as to each define a
substantially parallel series of helical coils 65. In other
embodiments, the filament segments could define other coil
shapes or be composed of a conductive fo1l arranged 1n a coil.
Further, while the wire of the filament segments has a round
cross section 1n the illustrated embodiment, other cross sec-
tional wire shapes are also contemplated.

The coils 65 of each filament segment 64A-D can be
divided into a central portion 66 and two end portions 68, each
adjacent the central portion. In this particular embodiment,
cach segment 64 A-D 1ncludes 3 coils, and the central and end
portions 66, 68 include one coil each. As seen 1n FIG. 2B and
as will be further discussed below, however, the number of
coils included 1n each filament segment can vary; as such the
number of coils 1n the respective central and end portions will
correspondingly vary. Generally, at least one coil 65 1n each
end portion 68 1s necessary so as to enable the coil(s) in the
central portion 66 to heat to a temperature suilicient for ther-
mionic emission of electrons from a respective one of the
filament segments 64A-D.

In this embodiment, the filament segments 64A-D are
interposed between heat sinks 70 and 72, as shown 1n FIG.
2A. In particular, the end portions 68 of each filament seg-
ment 64A-D are 1n thermal communication with the respec-
tive adjacent heat sink 70, 72 so as to provide a thermal path
between each filament segment and the heat sinks. This con-
figuration provides for the conductive dissipation of heat
from either end of each filament segment 64 A-D to the heat
sinks. So situated, the filament segments are found 1n a par-
allel thermal configuration with respect to one another in this
particular embodiment.

The filament segments 64A-D are also 1n electrical com-
munication with a power source so as to enable their collec-
tive operation. In this embodiment, the filament segments
64A-D are electrically connected 1n parallel, though 1n other
embodiments other connection schemes are possible, as will
be described. So configured, the filament segments 64A-D
operate simultaneously 1n producing electrons during tube
operation. During such operation, it 1s the central portion 66
of each filament segment 64 A-D that produces the electrons
via thermionic emission, while the end portions 68 provide
tfor suificient heat buildup to occur 1n the central portion.
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The configuration of the filament assembly 60 as shown 1n
FIG. 2A provides enhanced filament operation over known
filaments, which typically include only a single span of coiled
wire. In particular, the filament assembly 60 maintains the
total number of coils that emit electrons, 1.e., the four coils
defining the central portions 66 of the filament segments
64A-D 1n the embodiment shown 1n FIG. 2A, as would be
present 1 a typical filament. However, by dividing the for-
merly lengthy single filament into a plurality of smaller fila-
ment segments as shown in FIG. 2A, the filament assembly 60
provides for enhanced heat sinking via the end portions 68 of
cach filament segment 64 A-D 1nto the heat sinks 70 and 72.

This enhanced thermal conduction correspondingly
reduces the thermal time constant for each for each filament
segment 64 A-D, which in turn reduces each filament segment
time constant. A reduction or shortening of the filament time
constant equates to faster switching times for the filament
segment, which simultaneously operate 1n unison, so as to
desirably enable the stream of electrons collectively produced
by the filament segments, 1.¢., the beam current, to be varied
with mimimum delay. Variance of the beam current 1n this
manner 1s achueved by varying the power supply 1.e., the
filament current, which 1s provided to the filament segments
64 A-D. FIG. 4 depicts a graph 84 including a curve 86 depict-
ing example representative data showing the advantageous
improvement in time constant performance (y-axis) as the
filament length (x-axis) 1s decreased.

Generally, the number and length of the filament segments
64A-D affects the beam current produced by the filament
assembly at a predetermined filament current. Thus, the num-
ber and length of the filament segments, including the size
and number of coils, can be varied from what 1s shown in FIG.
2A, 1 desired. FIG. 2B shows one possible configuration of
the filament assembly, wherein the filament segments 64 A-D
cach contain four coils 65 of conductive wire, thereby result-
ing in relatively longer filament segments than those shown 1n
FIG. 2A. So configured, each filament segment 64A-D
includes a central portion 66 having two coils that emait elec-
trons during operation, as well as two end portions 68 having,
one coil each. Of course, the number of coils defining each
central and end portion can be changed from what 1s shown 1n
the accompanying figures. Also, though shown here to have
equal lengths and uniformly sized coils, these parameters
could be vanied from segment to segment in the filament
assembly, if desired.

Reference 1s now made to FIG. 3A, which depicts 1n sim-
plified form one possible thermal and electrical configuration
for a filament assembly, according to one embodiment. As
shown, The filament segments 64A-D are thermally con-
nected 1n parallel to a plurality of conductive heat sinking,
interconnects 78 so as to enable heat dissipation through the
end portions of each filament segment. In addition, the con-
ductive interconnects 78 are configured so as to establish the
filament segments 64 A-D 1n series electrically with respect to
one another. So configured, the electrical power supply flows
between the two terminals 76, via the filament segments
64 A-D 1n series. Compare this to the configuration 1n FIGS.
2 A and 2B, wherein the filament segments are both thermally
and electrically 1n parallel.

FIG. 3B shows one possible implementation of the fila-
ment assembly configuration represented in FIG. 3A. In par-
ticular, FIG. 3B shows the filament assembly 60 as including,
the filament segments 64A-D, as previously discussed. The
end portions 68 of each filament segment 64 A-D are electri-
cally connected to electrically conductive interconnects 78 A
in a fashion that enables the filament segments to be electri-
cally connected 1n series. In the 1llustrated embodiment, five
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such conductive interconnects 78 A are shown, each intercon-
nect electrically coupling end portions of adjacent filament
segments. As 1 FIG. 3A, a power supply 1s provided to the
conductive interconnects 78 A. So configured, a serial electr-
cal path 1s established through the filament assembly 60 via

the conductive interconnects and the filament segments 64 A -
D.

The conductive interconnects 78 A are electrically 1solated
from the two heat sinks 78C, between which the filament
segments 64A-D extend, by two interposed insulators 78B.
The1nsulators 78B are configured to be electrically insulating
yet thermally conductive so as to confine the supplied electric
current serially in the conductive interconnects 78 A while
enabling heat produced by the filament segments 64A-D to
pass through their respective end portions 68, through the
conductive interconnects, then through the insulators 78B for
sinking 1nto the heat sinks 78C via thermal conduction. In this
way, the filament segments 64 A-D are 1n parallel thermally,
while being electrically connected 1n series. It 1s noted here
that various other physical configurations of the filament
assembly are possible to achieve the thermally parallel, elec-
trically serial configuration described herein.

According to one embodiment, the filament segments
64A-D can be configured so as to acceptably compensate for
certain effects precipitated by the filament assembly design as
described herein. Specifically, reference 1s made to equation
(1), below, defining the thermal time constant T for a filament
having a wire length L:

1=C,L*/8K, (1)
where C, and K are the specific heat and thermal conductivity
of the wire, respectively. As can be seen from equation (1), as
wire length L of the filament decreases, the thermal time
constant T also decreases. In the context of the illustrated
embodiments, each of the filament segments has a decreased
wire length relative to longer single filaments known in the
art. Thus, the use of multiple reduced-length filament seg-
ments 1n the filament assembly 60 beneficially results 1n a
reduced thermal time constant relative to the use of a rela-
tively long single filament as 1s known 1n the art. Note that
increasing the thermal conductivity K of the wire also results
in a reduced thermal time constant. However, higher power
dissipation and lower electrical impedance for the filament
assembly are also realized when implementing the filament
assembly as described herein, and must be dealt with.

In one embodiment, the increase 1 power dissipation can
be tempered by reducing the diameter/cross sectional area of
the conductive wire/conductive member from which the fila-
ment segments 64A-D are formed, noting that the thermal
time constant T 1s mndependent of the wire cross section, as
seen 1n equation (1). Reduction of the wire diameter does not
negatively impact the filament segment fragility as each seg-
ment has a reduced length over known single filaments. IT
needed, any compromise 1n the size of the resultant electron
beam produced by the filament assembly having reduced wire
diameter filament segments can be compensated for by
increasing the number of electron-emitting coils 1n the fila-
ment segment central portion, as 1s seen 1n FI1G. 2B over FIG.
2 A, for instance.

The increase 1n power dissipation can be further tempered
other ways as well. For example, the filament segments can be
modified so as to selectively alter their work function. This
may be accomplished, for instance, by selectively depositing
a work function-altering material on predetermined portions
of the filament segments, or carburizing or otherwise convert-
ing and/or diffusing predetermined portions of the filament
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segments. In one non-limiting example, selected portions of
cach filament segment composed of a thonated tungsten wire
1s carburized or otherwise treated to produce a filament seg-
ment. The carburized portions of the filament segment—
preferably the central portion of each segment 1n one embodi-
ment—possess a relatively lower work function than other
non-carburized segment portions. It will be appreciated that
any other suitable material for the filament segment might
also be used. For example, lanthanum (lanthanated) tungsten
and other materials might be used.

Altering the work function of the filament segments as
described above causes each segment to exhibit a reduced
thermal conductivity over standard tungsten, thereby reduc-
ing power loss through the filament segment. Further, the
filament temperature required for electron production in the
portions of the filament segments that are altered 1n work
function 1s desirably reduced. Additional details regarding
altering the work function of filaments can be found 1 U.S.
application Ser. No. 11/350,975, entitled “Improved Cathode
Structures for X-Ray Tubes,” filed Feb. 8, 2006 (hereinaiter
the 975 application), which 1s incorporated herein by refer-
ence 1n 1ts entirety.

Accordingly, the above work function altering measures
reduce the need for decreasing the filament wire diameter,
enabling for example an 1ncrease 1n filament wire diameter
from 4 to 6 mils, in one embodiment. Graph 88 shown in FIG.
5 depicts these concepts, wherein curve 90A shows the level
ol power increase (y-axis) as the time constant 1s improved
without a thoriated tungsten wire filament, while curve 90B
shows the reduced power increase present when a thoriated
tungsten wire 1s used for the filament segments.

With respect to the second consequence noted above, 1.¢.,
reduced electrical impedance 1n the filament assembly, 1t 1s
noted that reducing the filament segment wire diameter as
described above will also increase electrical impedance. Fur-
ther, carburizing the filament segment wire increases electri-
cal impedance even more. Thus, the steps taken to improve
power dissipation for the filament assembly 60 also desirably
improve the loss of electrical impedance.

Reference 1s now made to FIGS. 6 and 7 to describe addi-
tional configurations of the filament assembly 60 that may be
employed to desirably shape a beam of electrons that are
emitted by the filament assembly during operation. In one
embodiment, the filament segments 64 A-D are arranged 1n an
angled configuration, when viewed end on. As shown 1n FIG.
6, the filament segments are arranged 1n a chevron pattern,
wherein the filament segment pair 64A and B, as well as the
fillament segment pair 64C and 64D, are positioned along
imaginary lines that form an angle 0, with a vertical line
parallel to a z-axis shown 1n the figure. In one embodiment,
the angle 0, 1s approximately 67 degrees, commonly known
as the “Pierce angle,” though other values for 0, are also
possible.

Arrangement of the filament segments 64 A-D 1n this man-
ner advantageously produces a self-focused beam 92 of elec-
trons 1n a y-z plane for travel from the filament assembly 60 in
the z-direction during operation.

In FIG. 7 a representative filament segment 64 A 1s shown,
having a central portion coil 65 that 1s positioned so as to
define an angle 0, with adjacent end portion coils 65. In one
embodiment, the angle 0, 1s the Pierce angle, approximately
67 degrees, though other values for 0, are also possible.
Arrangement of the filament segment coils 63 1n this manner
turther focuses the electron beam 92 1n the x-z plane for travel
from the filament assembly 1n the z-direction during opera-
tion.
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Note that this angled coil configuration can be achieved
regardless of the number of coils 1n the central and end por-
tions of each filament segment, and that different angular
configurations, similar to those as shown 1n FIGS. 6 and 7, can
be included on each filament segment, 11 desired. In general,
it should be appreciated that shaping of the filament segments
in the manner shown in FIG. 7 1s made possible by virtue of
the relatively smaller lengths of each segment, as compared
with known, longer filaments.

General reference 1s now made to FIGS. 8A-12. As men-
tioned above, the filament segments of the filament assembly
can 1include other configurations that reside within the claims
ol the present invention. FIGS. 8A and 8B depict one possible
example of this, wherein a filament assembly 160 1s shown
disposed 1 a cathode head 156. The filament assembly
includes a plurality n of filament segments 164A, B, ..., N as
in previous embodiments, defined by an elongate conductive
member 165. The filament assembly 160 1s disposed 1n a
cavity 56 A defined 1n the surface 56 A of the cathode head 56.
So positioned, the filament assembly 160 1s oriented to emit a
stream of electrons when energized. Note that, though 1t 1s
centrally located on the cathode head surface 56 A, the fila-
ment assembly 1n other embodiments could be placed ofi-
axis with respect to the cathode head center, 11 desired. This
possibility exists with each of the embodiments described
herein.

Each of the filament segments 164A-N 1s shaped 1 a
particular configuration, best seen in FI1G. 8B. As before, each
filament segment 164 A-N includes a central portion 166 con-
figured to emit electrons during filament assembly operation,
interposed between two adjacent end portions 168. At the
perspective shown 1n FIG. 8B, the central portion 166 1s
relatively flat with respect to the cathode head surface 56B,
while each of the end portions 168 1s angled 1n a chevron
shape, with the sides of each chevron defining an angle 05, as
shown 1n FIG. 8B. Each end portion chevron also defines an
angle 0, with the central portion 166. These angular configu-
rations of the end portions 168 and their respective position
with respect to the central portion 166 desirably provide a
seli-focusing effect for the electrons emitted from the central
portion.

The filament segments 164 A-N are interconnected with
one another via a plurality of interconnections 178 so as to
place the segments in electrical series with respect to one
another. The two outer filament segments 164 A and 164N are
clectrically connected with a respective terminal 176. Note
that, though shown 1n electrical series here, the filament seg-
ments could alternatively be placed electrically 1 parallel, 1T
desired.

The filament segment interconnections 178 are mounted
on one of two thermally conductive insulators 180 that are
disposed at opposite ends of the cathode head cavity 56A.
This provides electrical 1solation of the filament assembly
160 with respect to the cathode head 56 while enabling heat
sinking of the filament assembly with respect to the cathode
head.

Reference 1s now made to FIGS. 9A and 9B in describing
a filament assembly according to yet another embodiment of
the present invention. In particular, a filament assembly 260 1s
shown, having a plurality of filament segments 264A, B, . . .,
N integrally defined by an elongate conductive member 263,
such as a thorated tungsten wire, and arranged parallel to one
another 1n a “ladder”-type configuration. As 1n previous
embodiments, each filament segments 264 A-N includes an
clectron-emitting central portion 266 bounded by two adja-
cent end portions 268. The filament segments 264 A-N are
interconnected to one another by bent interconnecting por-
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tions 269 of the conductive member 265. As such, the inter-
connecting portions are considered part of the filament seg-
ments 264. Each end of the conductive members 265 defines
a terminal 276 for electrically connecting the filament assem-
bly 260 to a power source (not shown).

As best seen 1n FIG. 9B, the filament assembly 260 1s
inserted 1nto two slots 273 defined 1n a heat sink structure 270.
The slots are sized so as to recetve the interconnecting por-
tions 269 and portions of the end portions 268 of each fila-
ment segment 264 A-N. Thermally conductive insulators 280
are also included 1n the slots 273 to provide electrical 1sola-
tion of the conductive member 265 and the heat sink structure
2770. In this way, as in the other embodiments, each filament
segment 264 A-N 1s heat sunk to the heat sink structure 270,
allowing for faster thermal time constant during cathode
operation. Note that, though 1t 1s formed here as a single,
integral wire here, the conductive member 2635 1n other
embodiments can be configured as a plurality of joined ele-
ments.

FIG. 10 depicts yet another possible embodiment of a
filament assembly, designated at 360, which includes a plu-
rality of filament segments 364 A-N each implemented as a
single-turn filament coil. Each coiled filament segment
364 A-N includes a central portion 366 primarily responsible
for the emission of electrons during operation, which 1s
bounded by adjacent end portions 368. A plurality of conduc-
tive interconnections 378 1s included to electrically connect
the filament segments 364A-N 1n series. The conductive
interconnections 378 are thermally coupled to a heat sink 370
to enable relatively rapid heat removal from the filament
segments 364A-N. As before, the filament segments can be
clectrically 1n series (as shown) or in parallel. In addition, any
number of coils can define the central portion and/or end

portions ol each filament segment, as appreciated by one
skilled in the art.

Reference 1s made to FIGS. 11A-11D 1n describing yet
another possible embodiment of a filament assembly, gener-
ally designated at 460. The filament assembly 460 1ncludes a
plurality of filament segments 464A-464N defined from a
continuous length of conductive material, such as a conduc-
tive wire 465, similar to the embodiment depicted in FIGS.
9A and 9B.

A heat sink/support structure (“heat sink™) 470 1s included
with the filament assembly 460. The heat sink 470 1s, 1n this
particular example embodiment, configured as a multi-piece
structure, 1including a central portion 470A that 1s laterally
interposed between two outer portions 4708 and 470C. The
central and outer portions 470A-C defines a block structure
that 1s disposed atop a base portion 470D.

The central portion 470A and outer portions 4708 and
470C cooperate to define two rows of slots 473 through the
heat sink 470. The slots 473 recerve portions of the filament
segments 464 A-N so as to enable the segments to be partially
inserted into the heat sink 470 1n the manner shown in FIG.
11A such that the heat sink supports the filament in the
desired position as shown 1n the figure. The slot 473 disposed
at each terminal end of the slot rows 1s sized to a correspond-
ing terminal 476 of the conductive wire 465 to pass through
the heat sink 470 for electrically connecting the filament
assembly to a suitable power source. This 1s best seen 1n
FIGS. 11B and 11D

The central portion 470A and outer portions 4708 and
470C of the heat sink 470 1n the present embodiment are
composed ol a material that both possesses electrically 1nsu-
lative properties and 1s thermally conductive. Such a material
enables the conductive wire 465 to be electrically 1solated
while at the same time providing a suitable thermal path for
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the removal of heat from each filament segment 464 A-N, as
desired. In one example embodiment, for instance, the com-
ponents of the heat sink 470 are composed of a thermally
conductive and electrically insulating ceramic such as alumi-
num nitride, which offers the desired electrical insulation and
thermal conductivity properties. Use of such a material
enables the elimination of a separate electrical insulation

component, seen at 280 1n the embodiment depicted in FIGS.
9A-9B, for instance.

In another embodiment, the conductive material that forms
the filament segments can be treated so as to include an
exterior surface that 1s thermally conductive but electrically
insulating. For example, the conductive wire that defines each
of the filament segments 1n FIGS. 11A-11D and that 1s com-
posed of a conductive material, such as thoriated tungsten,
can be subjected to a ceramic cataphoresis procedure, which
coats the exterior surface of the wire with a thin ceramic layer.
This ceramic layer provides electrical 1solation for the con-
ductive wire and the filament segments i1t defines while pre-
serving the ability of the segments to conduct heat to an
clectrically and/or thermally conductive heat sink, such as
stainless steel or other metal.

Note that fewer than all of the components of the heat sink
4’70 can be composed of aluminum nitride, 1f desired. Further
note that, while shown here as a multi-piece component, the
heat sink 470 1n one embodiment can be defined as a single,
integral piece. An example of this type of approach i1s shown
in F1G. 12A, where heat sink 470 1s formed as a single integral
piece.

As mentioned in other embodiments, the filament seg-
ments 464A-N are interconnected to one another by bent
interconnecting portions 469 of the conductive wire that
defines the filament segments. In the illustrated embodiment
the interconnecting portions 469, which are considered part
of the filament segments, are 1n direct physical contact with,
and therefore directly heat-sunk with, the heat sink 470. In
contrast, the portion of each filament segment 464 of FIGS.
11A-11D that extends beyond the central portion 470A of the
heat sink 470 1s considered to be exposed, or not directly
heat-sunk to the heat sink 470. This notwithstanding, each
fillament segment 464 defines a conductive thermal path to the
heat sink via the end portions of each filament segment, which
are continuously formed with the heat-sunk 1nterconnecting
portions 469. This arrangement enables heat from each fila-
ment segment to be transierred to the heat sink 470 primarily
via conduction. The portion of each filament segment 464
shown 1n FIG. 11A that 1s exposed from the heat sink central
portion 470 has a length that 1s indicated by “L”” on FI1G. 11A.
Note that while each filament segment 464 shown 1n FIG.
11A 1s of equal length L, 1n other embodiments the filament
segments can have respectively differing lengths, 1 desired.

One benefit of the filament assemblies disclosed herein 1n
accordance with the various depicted embodiments 1s 1llus-
trated by the following equation:

Pxly™T (2)
where P 1s the power required to drive an exemplary filament
segment and T 1s the thermal time constant of the filament
segment, as already mentioned. As equation (2) suggests, the
power required to drive a filament segment of length L, such
as any of the filament segments 464 shown 1n FIGS. 11A-
11C, 1s 1nversely proportional to the square root of the thermal
time constant, T. Thus as the thermal time constant T 1s
reduced by reducing filament segment length L (per equation
(1)), the power P required to drive the filament segment 1s
increased.
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Though the dimensions can vary according to the particular
application, 1n one embodiment each filament segment of the
filament assembly 460 shown 1n FIGS. 11A-11D has a length
L of approximately 300 mils, the conductive wire defining the
fllament segments has a diameter of approximately 7 muls,
and the central portions of the filament segments are spaced a
distance of 27 mils away from one another.

It 1s appreciated that the filament assembly configuration
shown 1n FIGS. 11A-11D can be modified while still residing

within the scope of embodiments of the present invention. For
instance, FIG. 12B 1llustrates one such modification, wherein
the central portion 470A of the filament assembly 460 1s sized
such that the slots 473 defined therein do not extend com-
pletely through the body, but rather extend only partially
therethrough. This configuration enables the filament seg-
ments 464 A-464N to seat within the corresponding slots 473.
For example, the slots 473 shown 1n FIG. 12B extend about
two-thirds the height of the central portion 470A. Note that
cach filament segment 464 1n FIG. 12B extends above the
central portion 470 A a similar distance as extend the filament
segments from the central portion 1n the embodiment shown
in FIG. 11A. Of course, the amount of exposed filament
segment can vary according to need or particular application.

The outer portions 470B and 470C 1n FIG. 12 each include
a plurality of 1nset portions 480 that mate with the slots 473 to
secure the filament wire therein when the outer portions are
joined with the central portion. The filament wire can be
brazed or otherwise suitably secured within the slots 473.

As noted above, portions of the filament segments are 1n
physical contact with the heat sink so as to define a path of
thermal communication between the filament segment and
the heat sink. Alternative embodiments might utilize yet
another thermally conductive material to enhance this ther-
mal path. For example, 1n addition to utilizing a braze mate-
rial to secure the filament wire within the slots, the braze
material might be utilized to enhance the thermal conduction
between a wire segment and the heat sink. One example
approach 1s denoted in FIG. 12A. As 1s shown, slots 473 are
substantially filled with a braze material, denoted at 475. In
addition to securing the wire within the slot, the braze mate-
rial increases the thermal contact between the wire and the
heat sink, thereby enhancing the heat transfer from the wire to
the heat sink. Preferably, the braze exhibits good thermal
conductivity and 1s comprised of a material that doesn’t
adversely interact with the filament material. Further, the
braze should preferably wet to ceramic (or whatever heat sink
material 1s used) and should melt at high enough temperatures
to keep solid during filament operation. For example, if a
thoriated tungsten wire 1s used for the filament, a copper
based braze might be used, such as Copper-rABA® braze
from Wesgo®. Of course other suitable braze materials might
also be used.

The shape and configuration of the filament segments can
be modified from what 1s explicitly shown 1n FIGS. 11A-12.
For instance, mstead of a step ladder-type configuration, the
filament segments 1n one embodiment can be angled or could
even define a helix structure; 1n such a case, the slots of the
heat sink are shaped as needed to recerve predetermined por-
tions of the helix-shaped conductive strand. Or, though shown
here as defined by a single continuous wire, the filament
segments of FIG. 12 can alternatively each be defined by
separate wires electrically 1n parallel with one another. These
and other possible modifications are therefore contemplated
as being included within the principles of the present mnven-
tion.

It should be further noted that, like those above, the
embodiments discussed 1n connection with FIGS. 8A-12 can
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be configured so as to mclude filament assemblies having
selected portions with altered work functions so as to prefer-
entially emit electrons from the selected portions, as further
described 1n the *975 application. For instance, the central
portions of the filament segments shown 1n FIGS. 8A-8B,
9A-9B, and 10-12 can be modified so as to alter the work
functions ol their respective filament materials with respectto
untreated portions of the filament segments. As discussed,
this 1s performed with a view toward improving electron
emission and overall filament segment performance during
cathode operation.

Consistent with the above discussion, FIGS. 13-18 illus-
trate additional embodiments of the filament assemblies and
heat sink structures. Again, these embodiments are all varia-
tions of the embodiments previously discussed, and provide
alternate implementations to provide and achieve different
thermal, power and/or electron density characteristics
depending on the needs of a particular application.

For example, the embodiments of FIGS. 13-15 1illustrate
how the conducting wire portions (565, 665 in these particu-
lar embodiments) of the filaments segments that are disposed
within the slots of the heat sink (e.g., 570 1n FIGS. 15A and
15B) have varying lengths with respect to one another. For
example, 1n the embodiment of FIG. 13, the lengths at the end
positions 568 are relatively longer as compared to the lengths
in the central portion 366 of the filament assembly 560A. In
contrast, in the filament assembly 5608 of FIGS. 14 and 15,
the lengths of the filaments segments 1n the region of the end
positions 668 are relatively shorter, and increase towards the
central portion 666. As will be appreciated, these different
fillaments assemblies can be used 1n connection with a heat
sink structure similar to those previously discussed. For
example, FI1G. 15 illustrates how the filament assembly 5608
of FIG. 14 might be used in connection with a heat sink
designated generally at 570 that 1s similar to that described
above 1n connection with FIG. 11. Those details will not be
repeated here.

Also, as 1s shown 1n the embodiments of FIGS. 16-17, the
shape of the heat sink portion can also be varied, again,
depending on the needs of the particular thermal response and
output power needed for a given application. For example, 1n
the embodiment of FIG. 16, a filament assembly 464A (de-
scribed above in connection with FIG. 11) might be function-
ally implemented with a heat sink having an alternate con-
figuration, such as i1s shown at 670. As 1s 1llustrated 1n this
example, the top surface 670A of heat sink 670 has an out-
wardly curved shape. Alternatively, as 1s shown 1n FI1G. 17, a
heat sink 770 might be implemented with a top surface 770 A
having an inwardly curved shape and configuration. Note that
while these alternative heat sink configurations are shown
with a particular filament assembly, that other assembly con-
figurations could also be used, including for example, the
configurations of FIGS. 13 and 14.

It will be further appreciated that the filament segments
themselves may have alternate configurations, again, depend-
ing on the needs of a particular configuration. For example, to
achieve different electron beam intensities, the filament seg-
ments might be oriented 1n different positions. One example
of such an approach 1s shown 1n the embodiment of FIG. 18,
wherein the filament segments are bent or angled. Here, the
segments 864A . . . N are physically oriented towards the
central portion 866 of the assembly. Again, this approach
could also be combined with other configurations taught
herein, such as the embodiments of FIGS. 13 and 14.

It 1s seen by the above discussion that the filament seg-
ments of the filament assemblies described herein serve as
examples of plural means for simultaneously emitting a beam
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of electrons for impingement on the target surface of an
anode. However, 1t should be remembered that the filament
segment assemblies herein are only a few examples of such a
plural means. Indeed, other structures, components, or
assemblies could also serve as plural means for simultaneous
clectron emission while still residing within the scope of the
present claims. As such, the present invention should not be
limited to what 1s explicitly described and depicted herein.

In accordance with embodiments of the present invention,
the filament assembly described herein enables relatively
faster filament switching times to be achieved by lowering the
thermal time constant of the filament. The use of multiple,
relatively short filament segments increases the mechanical
ruggedness of the filament assembly. Self-focusing configu-
rations can be utilized to produce sharp beam profiles. IT
desired, thoriated filaments can be utilized more easily with
the present design than with traditional filament designs.
Further, the switching time improvement 1s achieved while
controlling power dissipation and electrical impedance to
within acceptable ranges.

The present invention may be embodied 1n other specific
forms without departing from its spirit or essential character-
istics. The described embodiments are to be considered 1n all
respects only as 1llustrative, not restrictive. The scope of the
invention 1s, therefore, indicated by the appended claims
rather than by the foregoing description. All changes that
come within the meaning and range of equivalency of the
claims are to be embraced within their scope.

What 1s claimed 1s:

1. An x-ray tube, comprising:

a vacuum enclosure;

an anode positioned within the vacuum enclosure and

including a target surface; and

a cathode positioned with respect to the anode, the cathode

including a filament assembly comprising:

a plurality of filament segments each configured for
simultaneous emission of a beam of electrons for
impingement on the target surface of the anode,
wherein each filament segment 1ncludes a thermal
dissipation path to a heat sink.

2. The x-ray tube as defined 1n claim 1, wherein the heat
sink 1s a portion of the cathode.

3. The x-ray tube as defined 1n claim 1, wherein the fila-
ment segments are electrically connected to one another in
series.

4. The x-ray tube as defined 1n claim 1, wherein the fila-
ment segments are a electrically connected to one another in
parallel.

5. The x-ray tube as defined 1n claim 1, wherein the fila-
ment segments control a thermal time constant for modifying,
the beam of electrons.

6. The x-ray tube as defined 1n claim 1, wherein the fila-
ment segments are configured so as to shape the beam of
clectrons 1n a predetermined manner.

7. The x-ray tube as defined 1n claim 1, wherein the fila-
ment segments are arranged substantially parallel to one
another between first and second heat sinks.

8. The x-ray tube as defined 1n claim 1, wherein each of the
fillament segments are of substantially equal length.

9. The x-ray tube as defined 1n claim 1, wherein each of the
filament segments includes:

first and second end portions that each define at least a

portion of the thermal dissipation path to the heat sink;

and

a central portion interposed between the end portions, the

central portion configured for emitting electrons.
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10. The x-ray tube as defined in claim 9, wherein the central
portion 1s flat, and wherein each end portion 1s angled with
respect to the central portion.

11. The x-ray tube as defined in claim 10, wherein each end
portion defines a chevron shape.

12. The x-ray tube as defined in claim 9, wherein the central
portions of the filament segments are parallel with one
another and are each rectilinear, and wherein the end portions
of each filament segment are L-shaped.

13. The x-ray tube as defined i1n claim 1, wherein the
fillament segments are composed of a single continuous con-
ductive element, and wherein the filament segments are inter-
connected by U-shaped interconnecting portions of the con-
tinuous conductive element.

14. The x-ray tube as defined 1n claim 13, wherein the
interconnecting portions are received 1nto slots defined 1n the
heat sink.

15. The x-ray tube as defined 1n claim 9, wherein the first,
second and end portions of each filament segment are
included on a helical coil of a conductive element.

16. The x-ray tube as defined in claim 9, wherein the central
portions of the filament segments are linearly aligned in a row
parallel to one another.

17. The x-ray tube as defined i1n claim 1, wherein the
filament segments are comprised of thoriated tungsten.

18. The x-ray tube as defined in claim 1, wherein the
filament segments are comprised of lanthanated tungsten.

19. The x-ray tube as defined in claim 1, wherein the
thermal dissipation path 1s at least partially defined with a
braze material.

20. In an x-ray tube, a filament assembly, comprising:

at least a first heat sink; and

a plurality of filament segments each thermally connected
to the at least first heat sink, the filament segments con-
figured to simultaneously emit a beam of electrons.

21. The filament assembly as defined 1n claim 20, wherein
the filament segments are parallel to one another, and wherein
the filament segments have parallel thermal dissipation paths.

22. The filament assembly as defined 1n claim 20, wherein
cach filament segment 1includes a central portion interposed
between two end portions.

23. The filament assembly as defined in claim 22, wherein
the central portion 1s modified so as to preferentially emit a
portion of the beam of electrons.

24. The filament assembly as defined 1n claim 22, wherein
cach end portion 1s thermally connected to the at least first
heat sink via conduction.

25. The filament assembly as defined 1n claim 20, further
comprising;

a first thermally conductive electrical insulator interposed
between the first heat sink and the filament segments;
and

a second thermally conductive electrical insulator inter-
posed between a second heat sink and the filament seg-
ments.

26. The filament assembly as defined in claim 20, wherein
cach filament segment 1s a wire having a round cross section
and defining a plurality of helical coils, and wherein at least
one coil of each filament segment emits electrons.

277. The filament assembly as defined 1n claim 20, wherein
cach filament segment defines a central portion having at least
one coil and two end portions each defining at least one coail.

28. The filament assembly as defined 1n claim 20, wherein
at least some of the filament segments are comprised of tung-
sten.

29. The filament assembly as defined 1n claim 28, wherein
the tungsten 1s thoriated.
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30. The filament assembly as defined 1n claim 20, wherein
at least a portion of the filament segments comprise means for
moditying the work function of the filament segment.

31. The filament assembly as defined 1n claim 30, wherein
the means for moditying comprises a carburized portion.

32. The filament assembly as defined 1n claim 20, wherein
the thermal connection 1s provided as least partially via a
braze material.

33. The filament assembly as defined 1n claim 20, wherein
at least a portion of the filament segments are disposed within
slots formed within the heat sink.

34. The filament assembly as defined 1n claim 33, wherein
the slots are at least partially filled with a braze matenal.

35. The filament assembly as defined 1n claim 34, wherein
the braze material 1s copper based.

36. An x-ray tube, comprising:

a vacuum enclosure;

an anode positioned within the vacuum enclosure and

including a target surface; and

a cathode positioned with respect to the anode, the cathode

including;
a filament assembly, comprising:
a heat sink:
a plurality of filament segments configured for simul-
taneous emission of a beam of electrons for
impingement on the target surface of the anode, the
filament segments being electrically connected 1n
series, wherein each filament segment includes:
first and second end portions, the end portions
being thermally connected to the heat sink; and

a central portion interposed between the first and
second end portions, the central portion having a
modified work function for preferentially emut-
ting electrons.

37. The x-ray tube as defined 1n claim 36, wherein the
plurality of filament segments are electrically connected in
series via a plurality of conductive interconnects.

38. The x-ray tube as defined in claim 37, further compris-
ing thermally conductive insulators that are interposed
between the heat sink and the conductive interconnects to
clectrically 1solate the conductive interconnects from the first
and second heat sinks.

39. The x-ray tube as defined 1n claim 38, wherein the first
and second end portions are angled with respect to the central
portion.

40. The x-ray tube as defined in claim 39, wherein at least
one of the filament segments 1s composed of thorated tung-
sten.

41. The x-ray tube as defined in claim 40, wherein at least
a portion of at least some of the filament segments are car-
burized so as to modify the work function of the correspond-
ing portion of the filament segment.

42. The x-ray tube as defined 1n claim 41, wherein each
filament segment 1s of substantially equal length and configu-
ration.

43. The x-ray tube as defined 1n claim 36, wherein the
thermal connection between the first and the second end
portions and the heat sink 1s at least partially provided by way
ol a braze matenal.
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44. The x-ray tube as defined 1n claim 36, wherein the first
and second end portions of each filament segment are inter-
connected via interconnecting portions, and wherein at least a

portion of each of the interconnecting portions are receirved
within slots formed within the heat sink.

45. The x-ray tube as defined in claim 44, wherein the slots
are at least partially filled with a braze matenal.

46. The x-ray tube as defined 1n claim 45, wherein the braze
material 1s copper based.

4'7. A filament assembly, comprising;:
a heat sink defining a plurality of slots;

a plurality of filament segments configured for simulta-
neous emission of a beam of electrons, wherein a portion
of each filament segment 1s disposed within a corre-

sponding at least one of the slots, and wherein each
filament segment includes:

first and second end portions, the end portions being ther-
mally connected to the heat sink; and

a central portion interposed between the first and second
end portions.

48. The filament assembly as defined in claim 47, wherein
the plurality of filament segments 1s defined by a continuous
strand of conductive wire such that the filament segments are
clectrically connected 1n series.

49. The filament assembly as defined 1n claim 47, wherein
the filament segments are electrically connected 1n parallel.

50. The filament assembly as defined in claim 47, wherein
the heat sink 1s composed of an electrically nsulative and
thermally conductive material.

51. The filament assembly as defined 1n claim 50, wherein
the heat sink 1s composed of a ceramic.

52. The filament assembly as defined in claim 50, wherein
the heat sink 1s composed of aluminum nitride.

53. The filament assembly as defined 1n claim 50, wherein
the heat sink further comprises a composite structure having
a central portion, two outer portions, and a base portion on
which the central and outer portions are disposed.

54. The filament assembly as defined in claim 47, wherein
the slots of the heat sink extend completely through the heat
sink body.

55. The filament assembly as defined 1n claim 48, wherein
adjacent filament segments are mterconnected by intercon-
necting portions of the conductive wire, each interconnecting,
portion being physically connected to a portion of the heat
sink.

56. The filament assembly as defined 1n claim 48, wherein

the conductive wire 1s coated with an msulating layer so as to
clectrically 1nsulate the conductive wire from the heat sink.

57. The filament assembly as defined 1n claim 56, wherein
the mnsulating layer 1s composed of a ceramic material.

58. The filament assembly as defined 1n claim 47, wherein
the portion of each filament segment that extends from the
corresponding at least one of the slots has a uniform length.

59. The filament assembly as defined 1n claim 47, wherein
the slots are at least partially filled with a braze material.
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